INTRODUCTION
The monitoring of progress in apoptosis of liver cells in bile duct-ligated rats Safra activity of glutathione peroxidase in OJ. Moreover, the severity of jaundice correlates with high lipid peroxide levels and low anti-oxidant levels (10) . The expression of iNOS can be regulated at the level of transcription, and nuclear factor kappa B (NF-κB) activation is essential for its expression (11) . NF-κB activates endogenous iNOS via IKK‚ and provides protection from apoptosis (12) .
The systemic consequences of hyperbilirubinemia and OJ are well known, and the literature describes that there is a competition between apoptotic and anti-apoptotic processes in liver tissue after the initial insult. We think that while this competition may be exaggerated, complex and chaotic in the beginning, as the insult persists, the rate of apoptosis later reaches a continuous constant rate. This is a complex process and there is insufficient information in the literature about the monitoring of mediators responsible in liver injury. We thus designed a time-dependent study with acute bile duct-ligated rats to determine the progress in lipid peroxidation and apoptosis of liver cells by monitoring the rate of lipid peroxidation, anti-oxidative capacity, iNOS expression, and ultrastructural changes in a time-dependent manner.
MATERIALS AND METHODS
After the approval of the ethics committee (date and number of approval: October 04, 2004-14/2) of the Institution, 56 male, Wistar rats, weighing 250-300 g, were housed at constant temperature with 14/10 hour (h) periods of light and dark exposure, respectively. Animals were allowed access to standard rat chow and water ad libitum during an acclimation period of at least five days prior to use in experiments. Experiments were performed in the Animal Experimental Laboratory of the Institution in adherence to the National Institutes of Health guidelines on the use of experimental animals.
We randomized 56 rats into 8 groups as follows:
Group A1: Control group of 1st day; (n=6). 
Surgical Procedures
Rats were anesthetized with intramuscular ketamine 50 mg kg -1 and xylazine 7 mg kg -1
. The abdomen was cleaned with 1% polyvinyl iodine and median laparotomy was performed. The experimental jaundice was created by ligation of the common bile duct as described by Lee (13) . Bile ducts of the rats in each control group were dissected, but not ligated. Rats in groups A1/A2, B1/B2, C1/C2, and D1/D2 were sacrificed at the end of the 1 st , 3 rd , 5 th and 8 th days, respectively. Prior to sacrifice, rats were anesthetized with intramuscular ketamine (50 mg kg -1 ) and blood was taken by cardiac puncture just prior to total hepatectomy through a midline incision.
Direct bilirubin, malondialdehyde (MDA) levels of serum and MDA and GSH levels of liver tissue were detected using biochemical methods. Liver tissue samples were harvested in order to evaluate ultrastructural changes with electron microscopy, for histopathological examination with light microscopy, and to determine liver tissue iNOS expression. The liver tissue iNOS expression was illustrated immunohistopathologically. The pathologist was blinded to group allocations.
Biochemical Analysis

Serum bilirubin determination
The direct bilirubin levels were analyzed by Cobas Integra 700 biochemical analyzer (Roche Diagnostics, GmbH, Mannheim, Germany).
Lipid Peroxides Assays
Serum and tissue MDA determination
The MDA levels, as an index of lipid peroxidation, were determined by thiobarbituric acid (TBA) reaction according to Yagi. The principle of the method depends on spectrophotometric measurement of the pink color produced by interaction of the barbituric acid with MDA elaborated as a result of lipid peroxidation. The colored reaction 1, 1, 3, 3 tetraetoxypropane was used as the primary standard at 553 nm (14) .
Tissue GSH determination
After liver tissue was homogenized in 5% NaCl, GSH, an index of the anti-oxidant defense system, was measured according to the Srivastava and Beutler (15) . The principle of the test is based on the 5,5' Dithiobis (2-nitro benzoic acid) [DTND] , which is a disulfide compound that is readily reduced by sulfhydryl compounds, forming a highly colored yellow anion. The optical density of this yellow substance is measured at 412 nm.
Histopathology
The extracted liver tissue was fixed in 10% phosphate-buffered formaldehyde solution and subsequently embedded in paraffin, sectioned, and finally stained with hematoxylin and eosin (H-E). The following scoring system of ductal proliferation, actually defined for determination of severity of obstructive cholangitis, was used: 
Immunohistochemistry
Inducible NOS expression was detected to evaluate intensity of lipid peroxidation and hepatocyte apoptosis. iNOS staining was quantified in paraffin-embedded sections. 5 μm sections were obtained and stained with avidin-biotin complex immunoperoxidase. iNOS was observed in the cytoplasm of liver parenchyma cells. Primary antibodies used were rabbit anti-iNOS, a synthetic peptide derived from the extreme C-terminus of the human iNOS protein (Zymed Laboratories, San Francisco, CA, USA), with a dilution of 1:1000. The sections were deparaffinized in xylene through ethanol to phosphate-buffered saline (PBS; pH 7.2). 3% hydrogen peroxide was applied for 30 minutes (min) to inhibit endogenous peroxidase activity. The slides incubated in citrate buffer were heated in a microwave oven for 5 min. Twenty minutes later, they were removed and ultra V block (Labvision, Fremont, CA, USA) was added. Primary antibody for iNOS was added and the slides were incubated for one night in a moist chamber at 4° C. Subsequently, they were incubated in biotinylated goat anti-polyvalent (Labvision, Fremont, CA, USA) for 10 min and in streptavidin peroxidase (Labvision, Fremont, CA, USA) for 20 min. Finally, the slides were treated with AEC substrate system (Labvision, Fremont, CA, USA) for about 3 min. The sections were rinsed with distillate water and tap water after incubation periods. The tissue was counterstained with Mayer's hematoxylin. All slides were covered with a cover slip after they were fixed in buffered glycerine.
Morphometric Determination
Inducible NOS expression was scored based on extent of staining in the parenchyma cells of liver tissue under the microscope: (0) < 2% -no staining, (1) 2-10% -weak staining-, (2) 10-50% -intermediate staining-, and (3) >50% -strong staining-. The pattern of staining in pericentral or periportal areas was also noted.
Electron Microscopy
Liver tissues were fixed with 2.5% glutaraldehyde, post-fixed with 1% osmium tetroxide, dehydrated in graded alcohol series, cleared with propylene oxide, and embedded in Spurr resin (Cat No: 14300, EMS). Thin sections (50-70 nm) were cut by Leica UCT-125 and contrasted with uranyl acetate and lead citrate. Sections were examined and photographed by JEOL JEM-1011 electron microscope.
During electron microscopic examination, peripheral chromatin condensation in the nucleus and irregular shape of the nucleus were considered as apoptotic nuclear changes. Peripheral chromatin condensation is one of the most important findings of the apoptosis.
Statistical Analysis
Biochemical values were described as mean ± standard deviation (SD). Statistical differences for serum direct bilirubin, serum and tissue MDA and tissue GSH values were evaluated using one-way ANOVA followed by Tukey HSD post hoc test SPSS version 11.5 (SPSS Inc., Chicago, IL, USA). Histopathological examinations were presented as median with 25 th to 75 th percentiles. Comparisons of iNOS staining scores and ductal proliferation scores (DPSs) were analyzed using Kruskal-Wallis test followed by Dunn test (Statistica 6.1, Statsoft, Inc.). P values less than 0.05 were considered statistically significant. Error bar graphics were used to show mean ± 95% confidence interval of biochemical values. Box-plot graphics were used to show medians of histopathological scores.
RESULTS
Biochemical Analysis
The results of all biochemical values are presented as mean ± standard deviation (SD) in Table 1 .
Serum bilirubin
Serum direct bilirubin levels of each BDL group were significantly higher than those of the accompanying control groups (p<0.05 for each comparison). Serum direct bilirubin levels of groups B2, C2 and D2 were significantly higher than of group A2, and values of groups C2 and D2 were significantly higher than of group B2 (p<0.05 for each comparison) (Figure 1 ). The level of direct bilirubin increased progressively as the duration of BDL increased.
Serum and tissue MDA
Serum and liver MDA levels of each OJ group were significantly higher than those of the accompanying control groups (p<0.05 for each comparison). Serum MDA level of group B2 was significantly higher than of groups A2, C2 and D2 (p<0.05 for each comparison). When the liver MDA levels of BDL groups were compared, there was no significant difference between these groups (p>0.05 for each comparison) (Figure 2 ).
The increment in levels of serum and tissue MDA started after BDL and reached a significant value at the end of the 1 st day. When BDL groups were compared, serum MDA reached a significantly high peak value on the 3 rd day and then decreased significantly. Liver MDA reached a peak value on the 3 rd day and then decreased thereafter, but these variations were not significant.
Tissue GSH
Liver GSH level of each BDL group was significantly lower than its control group (p<0.005 for each comparison). Liver GSH level of group A2 was significantly higher than of groups B2, C2 and D2 (p<0.05 for each comparison) (Figure 3 ).
Bile duct ligation caused a significant decrease in liver GSH level starting from the 1 st day. When OJ groups were compared, this decrement was significant on the 3 rd and following days; however, this decline slowed after the 3 rd day.
Histopathology
The results of all histopathological examinations are presented in Table 2 as median with 25 th to 75 th percentiles.
The portal tract histopathological changes after BDL were: bile duct proliferation, portal tract edema, neutrophilic inflammation, and cholestasis of periportal hepatocytes, and there was necrosis in some of the cases. Figure 4A shows representative portal tract histopathological changes after BDL. DPS of each BDL group was significantly higher than the accompanying control group (p<0.05 for each comparison). DPSs of groups B2, C2 and D2 were significantly higher than of group A2, and values of groups C2 and D2 were higher than of group B2 ( Figure 5A ).
Histopathological changes after BDL were not observed in the control groups (groups A1, B1, C1 and D1). Histopathological changes increased progressively from group A2 to group C2, in which they reached a plateau. When BDL groups were compared, the changes significantly progressed until the 5 th day of BDL and did not change thereafter.
Immunohistochemistry
No iNOS expression was seen in the control groups (A1, B1, C1 and D1) or group A2. In group B2, there was a strong cytoplasmic iNOS staining located mostly in the pericentral area of the liver lobules. In groups C2 and D2, iNOS expression was intermediate to strong. Figure 4B shows representative strong iNOS staining in the immunohistochemical examination of liver tissue. Except for group A2, iNOS expression in the BDL groups was significantly higher than in the accompanying control groups (p<0.005 for each comparison). iNOS expression in groups B2 and C2 was significantly higher than in A2 (p<0.005 for each comparison) ( Figure 5B).
Bile duct ligation caused a significant increase in iNOS staining starting from the 3 rd day of BDL. When BDL groups were compared, iNOS staining significantly increased and reached a peak level on the 3 rd day after BDL and then decreased on day 5, but the decline was not significant when compared with the 3 rd day of BDL.
Ultrastructural Changes in Electron Microscopic Examination
Groups A1, B1, C1 and D1: Normal hepatocyte, bile canaliculi, bile duct, sinusoid and Disse space structures were seen ( Figure 6 ).
Group A2:
Although normal bile canaliculi structure was observed, some structural changes were detected in cells of bile ducts including apoptotic nuclear changes, dilatation of rough endoplasmic reticulum (RER) cistern and perinuclear cistern, and myelin figures in the cytoplasm. Moreover, ac- cumulation of some wasted material was detected in the lumen of the bile duct. Mitochondrial swelling, diffuse dilatation of RER and perinuclear cistern, and nuclear apoptotic changes were observed in hepatocytes.
Group B2: Dilatation of bile canaliculi, hepatocyte surface disorganization and irregular microvilli were observed. Some wasted material accumulation was seen in the lumen of the bile canaliculi (Figure 7A, 7B and 7C). Structural abnormalities of the bile duct, which had been detected in day 1, were also observed on the 3 rd day ( Figure 7D ). Mitochondrial degenerative findings and dilatation of RER and perinuclear cistern of hepatocytes were determined ( Figure 7A , 7B and 7C).
Group C2: Prominent dilatation of bile canaliculi, irregular microvilli and loss of microvilli were easily detected on this day. In addition, bile duct abnormalities became more evident. Defects observed in hepatocytes continued.
Group D2:
The findings observed in groups B2 and C2 were also detected in this group.
Normal bile canaliculi structure was seen in the control groups. Apoptotic nuclear changes, dilatation of RER cistern and perinuclear cistern, and degenerative mitochondrial changes in the cells of bile ducts and hepatocytes were detected from day 1. Dilatation of bile canaliculi, hepatocyte surface disorganization and irregular microvilli were observed on day 3. All of these findings were markedly established on day 3. Defects observed in the cells of bile ducts and hepatocytes continued constantly from day 3 to day 8.
DISCUSSION
Bile acids are accumulated in cholestasis (16) and induce hepatocyte apoptosis and necrosis (17) . Bile acids and toxic bile salts like glycochenodeoxycholate (GCDC) cause oxidative damage to cell membranes by stimulating the oxygen free radicals from mitochondria (18) .
The anti-oxidant defense system is impaired by decrease in GSH and the activity of glutathione peroxidase in hyperbilirubinemia. Moreover, the severity of hyperbilirubinemia correlates with high lipid peroxide levels and low anti-oxidant levels (10) . Exaggerated lipid peroxidation, oxidative stress and accumulation of toxic hydrophobic bile salts within hepatocytes in jaundiced rats cause hepatocyte toxicity, which leads to liver damage. MDA has been used as an index of lipid peroxidation in the literature. In our experimental study, we observed that serum and liver MDA started to increase on day 1, reached a peak value on the 3 rd day and decreased on the 5 th and 8 th days of BDL. There was no difference in serum and liver MDA levels between the 5 th and 8 th days of BDL, even though direct bilirubin levels continued to increase. This shows that there is an exaggerated increase in lipid peroxidation within the first five days after BLD. On the 5 th day, rate and intensity of lipid peroxidation had stabilized and reached a continuous constant rate. This fact is not dependent on the level of direct bilirubin; although the duration of BDL is increased, there is an insignificant reduction in lipid peroxidation.
On the other hand, we observed that there was a continuous reduction in GSH levels. The continuous reduction in GSH levels shows that there is a continuous reduction in anti-oxidative capacity as long as the duration of BDL increased. The marked reduction was detected on the 3 rd and 5 th days of BDL, and this decline slowed after the 3rd day. This fact shows that anti-oxidative capacity had stabilized and reached a continuous constant rate on the 5 th day after BDL.
In inflammatory conditions, hepatocyte survival is dependent on the protective function of anti-apoptotic genes (19) and iNOS, which have been identified to have anti-apoptotic roles in mature hepatocytes by controlling the transcription of specific survival genes (20, 21) . NF-κB is the prototypic transcription factor in eukaryotic cells known to play a pivotal role in transactivation of promoters for genes involved in inflammation, immune responses, and the anti-apoptotic mechanism (22) .
Nitric oxide inhibits caspase-3 activity in hepatocytes (23) . NO production depends on the expression of iNOS in response to inflammatory cytokines (24, 25) . It is known that iNOS gene transfer could suppress hepatocyte apoptosis (26) . iNOS is heterogeneously distributed in the liver (27, 28) , which may represent a mechanism through which hepatocytes control the degree of apoptosis in the liver (29, 30) . In present study, BDL caused a significant increase in iNOS staining on the 3rd day. iNOS staining significantly increased and reached a peak level on the 3rd day after BDL and then decreased on the 5th day, but the decline was not significant when compared with the 3 rd day of BDL. Normally, GSH up-regulates NO synthesis via increasing iNOS mRNA levels and iNOS activity (31). The reduction in GSH level leads to the reduction in iNOS protein and NO synthesis on the 5th day of BDL.
The severity of cholestasis can be evaluated by examining and scoring the ductal proliferation in the liver tissue with light microscopy. Cholestatic histopathological changes were not observed in the control groups. The cholestatic changes progressively increased throughout the 1 st , 3 rd and 5 th days of BDL and reached a plateau on the 5th day, and remained unchanged on the 8 th day. This data shows that cholestatic histopathological changes depend upon lipid peroxidation, oxidative stress and accumulation of toxic hydrophobic bile salts within hepatocytes. High iNOS production suppresses hepatocyte apoptosis. Low iNOS expression and retention and accumulation of toxic hydrophobic bile salts within hepatocytes aggravate hepatocyte apoptosis. Reduction in GSH level leads to down-regulation of iNOS expression and alleviates the suppressor effect of iNOS on hepatocyte apoptosis. Apoptotic and anti-apoptotic processes balance the rate of hepatocyte apoptosis. Thus, cholestatic histopathological changes reached a plateau on the 5 th day when the down-regulation of iNOS expression was established.
Ultrastructural changes in the electron microscopic examination of liver tissue showed that apoptotic changes in the cells of bile ducts and hepatocytes depended upon the severity of lipid peroxidation, tissue GSH levels (anti-oxidant capacity) and anti-apoptotic effect of iNOS. In electron microscopic examination, minimal apoptotic changes were detected on day 1. All of these findings were markedly established on day 3. Defects observed in the cells of bile ducts and hepatocytes continued constantly from day 3 to day 8. As the duration of hyperbilirubinemia progressed, these findings continued constantly. The hepatocyte control on the degree of apoptosis was depressed, because the reduction in GSH level led to down-regulation of iNOS protein and NO synthesis. There was a competition between apoptotic forces (cholestasis and lipid peroxidation) and anti-apoptotic genes and iNOS. Down-regulation of iNOS protein and NO synthesis led to more evident apoptotic changes detected on the 3 rd , 5
th and 8 th days of BDL.
CONCLUSIONS
1. Lipid peroxidation and anti-oxidative capacity had stabilized and reached a continuous constant rate on the 5 th day after BDL.
2. iNOS production had stabilized and reached a continuous constant rate on the 5 th day after BDL.
3. Cholestatic histopathological changes had stabilized and reached a continuous constant rate on the 5 th day after BDL.
4. Apoptotic changes in the cells of bile ducts and hepatocytes were markedly established on day 3 and continued constantly from day 3 to day 8.
Although apoptotic changes in hepatocytes were markedly established on day 3, other findings had stabilized and reached a continuous constant rate on the 5 th day after BDL. We thus can state that cholestatic liver injury is established and becomes obvious on the 5 th day after acute BDL. Thus, we recommend testing the protective effect of antiapoptotic agents, anti-oxidants and iNOS inhibitors on cholestatic liver injury before the 5 th day and testing the therapeutic effect of these agents after the 5 th day.
